Introduction
============

The *Carassius auratus* complex includes diploid triploid and polyploidy individuals from the family Cyprinidae and is distributed mainly in China, Japan and Russia [@B1], [@B2]. Diploid individuals belong to the species *Carassius auratus* whereas triploid and polyploidy individuals are from the subspecies *Carassius auratus gibelio*[@B3], [@B4]. Now they are also widely spread throughout Europe as an invasive species [@B5], [@B6]. Two different reproductive modes were revealed: allogynogenetic reproduction and gonochoristic reproduction [@B7]-[@B9]. In natural populations, the population structure is complex and there are diploid, triploid and polyploid individuals with the majority of individuals being triploid [@B5], [@B10]. The chromosome number of individuals from distinct natural populations are different, ranging from 100 to 200 [@B11]. The diploid crucian carp in China has 100 chromosomes, whereas the triploid gibel carp (or silver crucian carp) has 150 chromosomes or more [@B10], [@B12], [@B13]. The white crucian carp (*C. auratus cuvieri*) in Lake Biwa of Japan had 100 (diploid) or more chromosomes (triploid or tetraploid) [@B14]. Natural gynogenetic silver crucian carp is a unique triploid organism and reproduces clonally [@B15]. Therefore it could be an important model for studying the evolution of unisexual clonal lines.

Triploid organisms have been identified by various methods including analyzing the red blood cell size [@B7], [@B8], karyotyping [@B16], [@B17], flow cytometry [@B18] and isozyme analyses [@B19]. Although analyzing the red blood cell size and karyotyping are the most straightforward methods to assess ploidy level, they are time-consuming, labour-intensive and not able to differentiate different genotypes/clonal lines. Moreover, in some fish species karyotypes are extremely difficult to obtain due to the small and similar size of different chromosomes, their copious numbers, and/or the absence of suitable staining techniques [@B20]. Flow cytometry has been used to estimate ploidy level by assessing the total DNA content of cells in comparison with a known control. However, this method gives only an approximate estimation of the ploidy level [@B18] and measuring DNA content in cell is not only time-consuming, but also costly and labour-intensive.

Microsatellites are short (1-6 bp) repetitive DNA sequences [@B21], and are highly abundant and almost evenly distributed in genomes [@B22]. Microsatellites have been extensively applied for genome mapping, studying population genetics, ecology, evolution and conservation of endangered organisms and for identification of clonal lines [@B22]-[@B24]. A few microsatellites have been isolated from silver crucian carp [@B24]-[@B27]. Only four of these microsatellites have been used in identification of diploid and triploid individuals, as well as clonal lines [@B24].

The purpose of this study is to establish a molecular method to identify triploid individuals and clonal lines in the *Carassius auratus* complex for studying the evolution of unisexual triploid clonal lines.

Materials and methods
=====================

Fish and DNA
------------

DNA samples of 20 confirmed triploid silver crucian carp individuals from a wild population in Japan were obtained from Dr. Kenichi Ohara (Japan). The polyploidy levels of these individuals were determined by analyzing the red blood cell size using an existing method [@B7], [@B8]. Tissue and blood samples of 20 individuals were collected from two fish farms located in Jiangsu (14 individuals) and Zhejiang provinces (6 individuals), China. All twenty individuals from two farms were confirmed to be triploid by analyzing the red blood cell size. In addition, four confirmed diploid males and four confirmed diploid females collected from the Dayun River in Zhejiang province (China) were also used in this study. DNA was isolated from each fish using a method that we developed previously [@B28].

To understand the genetic composition of the *Carassius auratus* complex in the wild, we randomly collected 46 adult individuals from the Changshan River located in Zhejiang province, China. Sex of each fish was determined by checking gonads. Fin clips of all 46 individuals were collected and stored in 75% ethanol until DNA extraction. DNA was extracted using a existing method [@B28] and arrayed on 96-well plates for PCR.

Microsatellites and genotyping
------------------------------

Ten polymorphic dinucleotide microsatellites (*J01*, *J04*, *J09, J12, J56, J58, J60, J62, J68*and *J69,* Table [1](#T1){ref-type="table"}) developed previously [@B25] were genotyped using fluorescently labelled primers (FAM or Hex) and a DNA sequencer ABI 377 (Applied Biosystems).

Briefly, amplification of DNA samples was performed in 25 μL volumes, each containing 1× polymerase chain reaction buffer (Finnzymes), 100 nM of each primer, 1.5 mM MgCl~2~, 50 μM of each dNTP, 0.5 unit of Taq polymerase (Finnzymes) and 10 ng of genomic DNA. PCR cycling conditions were as follows: an initial denaturation at 94°C for 2 minutes followed by 34 cycles of 30 s at 94°C, 30 s at 55°C, 30 s at 72°C, then a final extension step of 10 min at 72°C. Amplified fragments were separated on denaturing 8% polyacrylamide gels using the ABI 377 sequencer (Applied Biosystems). The fragment lengths of alleles were determined against the internal size standard GS-250-Rox (Applied Biosystems) using software GENESCAN and GENOTYPER (Applied Biosystems). Individuals with the same genotypes at all 10 loci were identified manually. The number of alleles, allele frequency, and expected and observed heterozygosity were calculated by direct counting. Genetic relatedness among individuals was estimated using the allele sharing index [@B29], where alleles were scored as either present (1) or absent (0). Phylogenetic trees based on NJ, ME and UPGMA were constructed using the default setting with software MEGA 4.0 [@B30].

Results
=======

Microsatellite polymorphism
---------------------------

All ten microsatellites were polymorphic in 94 individuals (Table [1](#T1){ref-type="table"}). A total of 179 alleles were detected. The loci *J01* and *J04* were most polymorphic (25 alleles), while the locus *J68* was least polymorphic (6 alleles). The observed heterozygosity (including di-allelic and tri-allelic heterozygosity) ranged from 0.692 to 0.978 with an average of 0.870 ± 0.03. At some loci, triploid individuals clearly showed three alleles (see examples in Figure [1](#F1){ref-type="fig"}).

Ability of microsatellites in identifying and distinguishing polyploidy individuals and triploid clonal lines
-------------------------------------------------------------------------------------------------------------

Using the genotypes of the 10 microsatellites, all 20 confirmed triploid silver crucian carp individuals from Japan were classified as triploids, and the 8 confirmed diploid individuals from China were designated as diploids. Furthermore, 20 confirmed triploid silver crucian carp collected from two farms in China were classified as triploids using microsatellite genotypes. Therefore, the accuracy of 10 microsatellites for identification of triploid and diploid individuals was 100% (Table [2](#T2){ref-type="table"}). Using all 10 microsatellites, in the 20 triploid individuals from Japan, two clonal lines were identified. One clonal line contained three individuals and another line consisted of two individuals. The 20 triploid individuals from two farms in China contained two clonal lines, each from one farm. One line included 14 individuals, and another had six individuals. In the eight diploid individuals, there were no individuals showing the same genotypes at all 10 loci.

Characterization of a wild population in China
----------------------------------------------

Forty-six individuals randomly collected from a wild population of the *Carassius auratus* complex in China were analyzed using 10 microsatellites. Among the 46 individuals, only six were males and were classified as diploids (Table [2](#T2){ref-type="table"}). Among the 40 females, 36 (90%) were diagnosed as triploids and the remaining four were classified as diploids. In the 36 triploid individuals, three clonal lines were identified; one clonal line with four individuals, two lines each with two individuals. The overall heterozygosity was 0.87 ± 0.05 in 46 individuals (Table [2](#T2){ref-type="table"}). The observed heterozygosity in diploid and triploid individuals was 0.81 ± 0.05 (n = 10) and 0.90 ± 0.04 (n = 36) respectively.

Phylogenetic relationships among individuals and clonal lines in the Carassius auratus complex
----------------------------------------------------------------------------------------------

Among the 94 individuals used in this study, seven clonal lines each containing two or more genetically identical individuals, included a total of 33 triploid individuals. Therefore, in the phylogenetic analysis, only 68 individuals were used. All triploid individuals from Japan were located in cluster I while all individuals from China formed two clusters II and III, of which cluster III grouped with the Japanese cluster formed a paraphyletic cluster (Figure [2](#F2){ref-type="fig"}). The ten diploid males (fish: 5-10 and 17-20) and eight diploid females (fish: 1-4 and 16-19) were located in the cluster II and III. The five clonal lines (11, 12, 13, 14 and 15) and triploid individuals from China were also distributed in clusters II and III whereas the two Japanese clonal lines (58 and 61) and triploid individuals (53-68) were located in the cluster I.

Discussion
==========

Ability of 10 microsatellites in identifying and distinguishing triploid individuals and clonal lines
-----------------------------------------------------------------------------------------------------

Microsatellites have been used to identify clonal lines in a lung fluke*Paragonimus westermani* [@B23] and the silver crucian carp [@B24]. In a previous study [@B24], Japanese scientists used four microsatellites for identifying clonal lines in sliver crucian carp and suggested that using more markers, more clonal lines could have been identified. In this study, we examined the efficiency of 10 microsatellites in identifying polyploidy individuals and clonal lines. Using 10 microsatellites all 48 individuals whose polyploidy levels were known, could be identified as diploid or triploid individuals with 100% accuracy and clonal line could be differentiated, indicating the high ability of the 10 microsatellites in identifying triploid individuals and clonal lines. Therefore, the set of 10 microsatellites could be used for identifying and differentiating triploid individuals and clonal lines of silver crucian carp. Ideally, all 10 markers could be multiplexed and electrophorezed in one run, which could reduce the cost and improve the accuracy of microsatellite genotyping [@B31], [@B32], thus ensuring the precision of indentifying and differentiating clonal lines. However, employment of diverse electrophoresis techniques across laboratories has resulted in inconsistent allele sizes, leading to difficulties in comparing genotyping results from different laboratories [@B33], [@B34]. Recent studies showed that genotyping results generated by capillary electrophoresis techniques are more reproducible than those generated by polyacrylamide gel electrophoresis [@B34]. Hence, the capillary electrophoresis techniques are recommended. In addition, individuals with known genotypes should be used as a control to allow cross-lab comparisons.

Genetic composition in the Carassius auratus complex
----------------------------------------------------

In several previous studies, triploid clonal lines have been identified in wild populations in Japan [@B24] and cultured populations in China [@B9]. In this study, we analyzed genetic composition of a Japanese wild population including 20 triploid individuals, two cultured populations from two farms in China and a wild population in China. In the Japanese population, using 10 microsatellites, we confirmed that all individuals were triploids. This result is in agreement with previous studies showing that all individuals of the white crucian carp, *Carassius langsdorfii* in Japan to be triploid [@B24], [@B35], [@B36]. However in this study we found only two clonal lines in 20 triploid individuals from Japan, whereas in the previous studies conducted in Japan, a lot of clonal lines were detected [@B24]. This difference may be due to the difference of sample size. Using more individuals, more clonal line may be found. The triploid fish from two farms in China consisted of only two clonal lines, each farm containing one line. In the wild population from China, 36 of 46 individuals were triploids, indicating that in the wild population the majority of individuals were triploids. This result is in agreement with other reports based on karyotyping [@B37], [@B38]. In this study, among the 36 triploid female individuals, only two clonal lines were detected. Among the individuals from China and Japan, none of the individuals and clonal lines shared the same genotypes at all 10 loci, suggesting origin of the triploid individuals and clonal lines happened after the separation of the Chinese and Japanese populations. In the 18 diploid individuals from China, all individuals showed different genotypes, suggesting there is no diploid clonal line in diploid crucian carp. Although it is reported that there are tetraploidy individuals of silver crucian carp in natural population [@B10], in this study we did not detect any tetraploidy individuals. This may be due to the fact that we have only collected samples from one population and the sample number is only 48. In the future it is necessary to analyze the genotypes of more individuals from various populations located in different regions.

Evolution of the triploid silver crucian carps
----------------------------------------------

Phylogenetic analysis using genetic similarity of alleles at 10 microsatellites showed that the individuals from Japan formed one group while the individuals from China formed two clusters. One cluster of individuals from China was grouped with the cluster of Japanese individuals to form a paraphyletic cluster. The seven triploid clonal lines and the 18 diploid individuals were distributed in different clusters, suggesting recurrent origin of triploid clonal lines and triploid individuals. Future study should focus on genotyping more individuals from different natural populations to analyze the evolution of unisexual clonal lines in detail.
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![An NJ-phylogenetic tree showing the relationships among diploid, triploid individuals and clonal lines of crucian carp from China and Japan based on genetic dissimilarity at 10 microsatellite loci. 1-51: individuals from China, whereas 52-68: individuals from Japan. 1-4: diploid female individuals; 5-10 and 17-20: diploid male individuals; and branch 11, 12, 13, 14 and 15 are clonal lines containing 14, 6, 4, 2 and 2 individuals from China, while branch 58 and 61 are clonal lines containing three individuals and two individuals from a wild population in Japan.](ijbsv07p0279g02){#F2}

###### 

Polymorphisms of 10 microsatellites in 94 individuals of silver crucian carp \*

  Locus   *A*   *H~DI~*   *H~TRI~*   *H~T~*   *H~OM~*
  ------- ----- --------- ---------- -------- ---------
  *J01*   25    0.319     0.404      0.723    0.277
  *J04*   25    0.287     0.617      0.904    0.096
  *J09*   16    0.723     0.255      0.978    0.022
  *J12*   16    0.649     0.298      0.947    0.053
  *J56*   20    0.755     0.223      0.978    0.022
  *J58*   21    0.500     0.330      0.830    0.170
  *J60*   21    0.532     0.426      0.958    0.042
  *J62*   17    0.543     0.309      0.852    0.148
  *J68*   6     0.628     0.064      0.692    0.308
  *J69*   12    0.670     0.159      0.829    0.171

\*: All 10 microsatellites were selected from our previous publication (see reference 25). *A*: Number of alleles; *H~DI~*: Proportion of diploid heterozygotes; *H~TRI~:*Proportion of triploid heterozygotes; *H~T~*: Proportion of all diploid and triploid heterozygotes and *H~OM~*: Proportion of homozygotes.

###### 

Genetic characterization of the crucian carp from China and Japan with 10 microsatellites

                    Japan                       China       
  ----------------- ----------- --- ----------- ----------- -----------
  N                 20              20          8           46
  M                 0               0           4           6
  F                 20              20          4           40
  Diploid           0               0           8           10
  Triploid          20              20          0           36
  *H~DI~*           0.35±0.14       0.66±0.13   0.72±0.07   0.57±0.08
  *H~TRI~*          0.65±0.14       0.18±0.10   0           0.30±0.06
  *H~T~*            1.00±0.00       0.84±0.10   0.72±0.07   0.87±0.05
  No clonal lines   2           2   0           3           

N: Number of individuals; M: Number of male individuals, F: Number of female individuals; Diploid: Number of diploid individuals; Triploid: Number of triploid individuals; *H~DI~*: Proportion of diploid heterozygotes; *H~TRI~:*Proportion of triploid heterozygotes; *H~T~*: Proportion of all diploid and triploid heterozygotes.
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